Aerosol optical depth retrieval over land surface using remote sensing employs the use of radiative transfer simulations and/or simultaneous measurements of atmospheric parameters at the time of satellite pass. Also, an accurate estimate of land surface parameters is also required in order to separate the atmospheric component from the land surface reflectance reaching at-sensor. In addition to empirical and semi-empirical approaches, amongst the most widely used methods to retrieve the aerosol properties from satellite measurements are radiative transfer codes used in either forward or inverse modes. As most of them are computationally complex, henceforth, efforts are made to formulate approximate models. In this study, we have tried to estimate aerosol optical depth using one such established physically based model, namely, SMART (Simple Model for Atmospheric Radiative Transfer) code in multiple scattering approximation for aerosols over first band (0.52-0.59 µm) of RESOURCESAT-AWiFS sensor. The aim of the analysis was to find out an approach to decouple aerosol effects from Top of atmosphere signals recorded by AWiFS sensor using multiple scattering approximations for aerosols. The model is first calibrated for aerosol asymmetry parameter for one dataset each of summer and winter seasons respectively and subsequently validated for 4 different datasets (2 summer and 2 winter) against the MODIS atmosphere product for aerosol optical depth. The results show that the difference between simulated vs. MODIS AOD fall within MODIS expected errors for the aerosol product.
INTRODUCTION
Aerosols are known to have both direct and indirect effects on radiative forcing and thereby affecting climatic conditions. Hence, an accurate estimation of aerosols is necessary on microscopic and macroscopic levels so as to assess their impact on future scenarios of climate change. Networks like AERONET have been established worldwide to monitor the aerosols using remote sensing (Holben et al. 1998 , Kaufman et al. 1997 . In India, the effect of radiative forcing due to aerosols has been studied over some cities like Bangalore (Babu et al. 2002) and Ahmedabad (Ramachandran et al. 2010 ) which raises several issues that could impact regional climate and monsoon. Studies have been carried out to observe the effect of anthropogenic airborne mineral aerosols (Sokolik et al. 1996) and tropospheric aerosols (Haywood et al. 2000) . It has been found that the direct climatic forcing by aerosols is sensitive to aerosol size and composition (Pilinis et al. 1995 , Dubovik et al. 2002 , Tegen et al. 1996 . In order to have a synoptic view and to observe the aerosols globally, attempts have been made to retrieve aerosol optical thickness over oceans as well as land from remotely sensed imagery (Gordon et al. 1994 , Von et al. 2003 . In addition to shortwave bands (Torres et al. 1998) , IR wavelengths are also used for aerosol sensing (Ackerman et al. 1997) . Studies have shown that spectral multi-angle polarimetric observation may also prove useful to derive enhanced aerosol properties . Some sensors like MODIS also provide processed atmosphere products over land surfaces (Chu et al. 2002) . Most of the methods involving aerosol retrieval studies employ the use of radiative transfer models. Amongst the most common approaches to solve radiative transfer equations (RTE) is the method of discrete ordinates (Spurr et al. 2001) . Methods involving neural networks are also used to solve the radiative transfer problem (Krishnan et al. 2012) . Some fast models using line by line models and Monte Carlo methods which allow computation of high resolution spectra at a quicker pace (Fomin et al. 2012 , Deutschmanna et al. 2010 are also in practice.
Most of the forward/inverse modelling approaches involve computational complexity and/or data intensive look up table methods. So efforts have been made by the researchers to find approximate models. This study focuses on the retrieval of aerosol optical depth from the first band of AWiFS sensor (0.52-0.59 µm). The estimation is done by using an approximate but an established physically based model, i.e. SMART code (Simple Model for Atmospheric Radiative Transfer) (Seidel et al. 2010 , Seidel et al. 2012 , Kokhanovsky et al. 2005 which provides a suitable combination of speed and accuracy without using look up table approach. The author has earlier implemented the model in single scattering approximation aerosols over AWiFS data (Mehta et al. 2013a , Mehta et al. 2013b . In this study, the model is used in multiple scattering approximations for aerosols. The results have been compared against those from MODIS aerosol product. The importance of the study lies in exploring the potential of the model for its applicability over North Indian region by using one such Indian satellite sensor which is otherwise being widely used for estimation of land surface and biophysical parameters but not much explored for decoupling of atmospheric properties from surface reflectance signals reaching on-board.
DATA AND STUDY AREA
The study area chosen for analysis was Dehradun city which is the capital of Uttarakhand state of India (Fig.1) . The site receives heavy rainfall during monsoon with a climate which is hot in summers and becomes very cold in winters. The annual temperature ranges from 27.9°C (average maximum) to 13.36°C (average minimum) respectively. Dehradun is surrounded by hills to its north and south and rivers to its east and west. There are some small scale industries located in the city. Aerosol observations over Dehradun show that the size of aerosols found in this place vary from 0.07 to 2 micron and dominated by fine mode particles (Rana et al. 2009 ).
The Top of atmosphere (TOA) reflectance was taken from AWiFS sensors on board Resourcesat 1 and 2 satellites. In totality, 6 different data sets for same study area of 3 years covering summer and winter seasons were used (Table 1) . One image each for summer (12 May 2010) and winter (15 December 2010) seasons were selected for calibration of SMART model w.r.t. asymmetry parameter (Table 1) . Once the aerosol asymmetry parameter was estimated, the model was applied to four more images combining the two seasons. Because of non-availability of ground/field measurements for the concurrent time period, the spectral land surface albedo was taken from MODIS product MCD43_A3 which was used as one of the model inputs. For the same reason, MODIS level 3 atmosphere product MOD08_L3 was also used for the calibration and validation purpose.
AWiFS data
AWiFS (Advanced Wide Field sensor) is a push broom sensor on board Resourcesat satellite which is realized in two electrooptic modules, AWiFS-A and AWiFS-B. The spatial resolution of the sensor is 56 m with four spectral bands i.e. green (B2: 0.52-0.59µm), red (B3: 0.62-0.64 µm), near infra-red (B4: 0.77-0.86 µm) and shortwave infra-red (B5: 1.55-1.77 µm) respectively. The combined swath of the two modules is 737 km. The present study utilizes TOA radiance/reflectance obtained in the green wavelength region of the sensor (IRS-P6 Data User's Manual). The calibration of this band is a progressively increasing sequence of sixteen intensity levels through exposure control.
MODIS data
MODIS is a near-polar satellite in sun synchronous orbit with Terra (descending node) and Aqua (ascending node) sensors respectively. The swath of the sensor is 2330 km (cross track) by 10 km (along track). There are 36 spectral bands with varying spatial resolutions. Bands 1-2 have spatial resolution of 250 m, bands 3-7 and bands 8-36 are at spatial resolutions of 500 m and 1000 m respectively. In this study MODIS land surface reflectance BRDF/albedo parameter product MCD43_A3 (Strahler et al. 1999 ) has been used which provides both directional and bi-hemispherical reflectance at 500 m resolution as 16-days aggregate. As ground measurements of spectral land surface albedo were not available, the same were calculated from MODIS product. In addition, aerosol optical depth obtained from MODIS atmosphere level 3 MOD08_L3 product (Hubanks et al. 2008 ) at 1 degree grid was used for calibration and validation purposes.
METHODOLOGY
The simulation of TOA reflectance through SMART requires land surface albedo and atmospheric conditions as inputs to the model. Though, the surface albedo is taken from MODIS, the model first needs to be calibrated for aerosol parameters. The aerosol properties used in the model are single scattering albedo and aerosol asymmetry parameter. There are some small scale industries in Dehradun but the site is also not heavily polluted which guided us to choose aerosol single scattering albedo close to 1 (0.9). In general, for cloudless atmosphere, the value of asymmetry factor ranges from 0.1 under very clean conditions to 0.75 in the polluted situations in the considered wavelength range of interest (Zege et al. 1991) . The atmospheric conditions of Dehradun suggests that neither it is a very clean site e.g., Nainital which is approximately 270 km from Dehradun where asymmetry parameter should be small, nor very polluted site e. g., Delhi which is approximately 250 km from Dehradun where asymmetry parameter ranges from 0.6-0.7. As the measurements of asymmetry parameter were not available specifically for the area of interest, hence the SMART model in multiple scattering approximation was first calibrated for aerosol asymmetry parameter for summer and winter seasons respectively.
One AWiFS image each was chosen for both the seasons and the Top of atmosphere reflectance (RTOA) was calculated from the Digital Number (DN) image using the calibration constants (Qcalmax, Qcalmin) provided with the metadata file (1).
(1) where Esol = exo-atmospheric solar irradiance Θs = solar zenith angle DN = Digital number Lmax = spectral at-sensor radiance scaled to Qcalmax Lmin = spectral at-sensor radiance scaled to Qcalmin Qcalmax = maximum quantized calibrated pixel value Qcalmin = minimum quantized calibrated pixel value
The TOA reflectance function is composed of molecular, aerosol and surface reflectance functions respectively (2) (2) where RRay = Molecular reflectance in Rayleigh approximation RSFC = Surface reflectance RAero = reflectance function of aerosols The molecular reflectance function is calculated by taking Rayleigh approximation into consideration. The surface reflectance is computed by using the transmission in upward and downward directions along with surface albedo inputs. Aerosol reflectance function on the other hand is a complex function which takes into account the phase function of aerosols along with the multiple scattering components. The spectral
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To calibrate the model, the spectral AOD (τ aer ) was taken from MODIS product MOD08_L3. Once the aerosol asymmetry parameter was estimated for each of the two seasons in the calibration process, the SMART model was run in order to find out spectral aerosol depths for other time periods. The results were compared against those obtained from MODIS product MOD08_L3 as the simultaneous measurements using ground instruments were not available for the all the dates considered. Figure 2 illustrates the overall methodology used in the analysis.
It may be of interest to note here that as the spatial resolutions of the AWiFS and MODIS products are different, the AWiFS data was re-sampled using nearest neighbor method to match with the spatial resolution of MODIS albedo product.
RESULTS
The AWiFS data is at a spatial resolution of 56 m, whereas the surface albedo from MODIS is available at 500 m resolution. Hence, the AWiFS data was first re-sampled (using ENVI software) to match up with MODIS albedo resolution. Then, 5 homogeneous pixels were chosen for each of the dates (this involves approximately 9 x 9 X 5 cloud free pixels of AWiFS original datasets). The average AOD for these pixels was calculated and was compared with MODIS AOD for the same location. In this comparison, it was assumed that AOD remains constant over an area of 1° X 1°.
The SMART model was calibrated in aerosol multiple scattering mode for 12 May 2010 and 15 Dec 2010 datasets respectively. The aerosol asymmetry parameter were calculated for each of the two seasons for the given study area and was applied for the four more dates. It was found that the results agreed quite well with those of MODIS products. There was a maximum difference of 0.097 for one of the dates (Fig. 4) and the individual differences fell within the uncertainty of MODIS L3 AOD product (Ruiz-Arias et al. 2013) for the five dates under study (Table 2) . It is to be noted here that the MODIS L3 expected error was calculated as per South Asian region.
It is found that there is an average uncertainty of 0.023 due to ozone optical depth which is also estimated by taking ozone measurements from MODIS product. The differences could further be attributed to the difference in time of image acquisitions and relative spectral response of the two sensors and also due to an independent estimate of surface albedo (from MODIS). Nevertheless the approach is found to be suitable for estimation of aerosol optical depth from the sensor under consideration for the study area taken into account. Future work will focus on including more number of datasets and applying the approach over more number of study locations.
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